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AbSTrACT 
In this paper, influence of additives on structural properties of Tantalum (Ta) doped PZT ceramics, prepared 
by solid-state oxide and mechanical activation (MA) routes, has been studied. The Fourier transformation infrared 
spectroscopy (FTIR) studies, are done to understand the structural interactions, confirmed that the wave number and 
bond energy decreases with the increase in Ta content accompanied by decrease in grain size. FTIR spectrum becomes 
broader in nanocrystalline Ta-PZT. The fraction of tetragonal phase decrease along with reduction in grain size as 
the Ta content increase. The remnant polarisation and coercive field also follows the similar trend on Ta doping. It 
is seen that infrared spectroscopy results corroborate the structure and ferroelectric properties of PZT materials.
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1. INTroDuCTIoN 
PZT ceramics with addition of dopants exhibit 
exceptional electromechanical properties in either bulk or thin 
film form for various potential applications1-4. The advance 
in the field of material processing has resulted in to tailor 
made materials having specific grain size and properties for 
a desired application. PZT ceramics are generally prepared by 
conventional solid-state (SS) route. It results in large grain size 
and compositional in-homogeneity because of high temperature 
calcination and Lead (Pb) loss. To overcome these effects, there 
is a need of a process which can avoid Lead loss by eliminating 
calcination step. This can be achieved by mechanical activation 
(MA) process in which improved reactivity of the starting 
composition results in formation of desired ceramic phase at 
room temperature2,5,6. The present study aims to investigate the 
effect of Ta dopant and grain size on the infrared spectra and 
structural properties of lead zirconate titanate ceramics. 
In polycrystalline PZT ceramics, the dielectric and 
ferroelectric properties are dependent on combination of the 
intrinsic lattice response and extrinsic response originating 
from domain wall motion, phase boundary, space charge. The 
additives play a decisive role in intrinsic related mechanisms 
for modifying the microstructure and electro-mechanical 
properties7. In PZT based ceramics the piezoelectric properties 
is mainly reliant on the lattice interactions8,9. IR spectra are an 
active method to investigate the forces in crystal lattices. In 
FTIR, the main spectra peak is identified by bonding energy 
of lattice interaction10. FTIR spectra studies to characterise 
the vibration of Ti-O bond has been carried out and reported 
for BaTiO3 based ceramics11-14 but not much similar research 
studies have been reported extensively for PZT based ceramics 
with variation of dopant and grain size.  
In this paper, we report synthesis of micro and nano-
crystalline Ta doped PZT ceramics (1 to 4 mol. % Ta) by SS 
and MA routes. The lattice parameters and bonding energy 
shall modify when adding additives in the PZT, resulting in 
molecular interaction of the spectra. The concentration of 
additives and the grain size affects the lattice interactive forces 
that results in wave number shift and change in binding energy. 
The interactive forces and the crystal structure are correlated 
with ferroelectric properties for micro- and nano-crystalline Ta 
doped PZT ceramics which has rarely been studied. 
2. ExpErIMENTAL METhoD 
Lead zirconate titanate ceramics with general formula Pb1-
(x/2)
(Zr0.53Ti0.47)1-xTaxO3 (where X=0, 0.01, 0.02, 0.03 and 0.04) 
were prepared using analytical grades of PbO, ZrO2, TiO2 and 
Ta2O5 (Purity >99%) by conventional SS route. The mixture is 
ball milled for 24 h using ZrO2 jars and media with distilled 
water. The mixture was calcined at 1050 ºC for 2 h and again 
milled for homogeneity. Infrared spectroscopy was analysed to 
study the interactive forces of the lattices. The measurement of 
FTIR spectrum was carried out with Perkin Elmer FTIR system 
(resolution ~ 0.5 cm-1). The region of wavenumber is from 400 
to 4000 cm-1. The main absorption peaks appear below 1500 
cm-1. The powders were subsequently pressed for pellets at 
150 MPa. The pellets were sintered and electrode to study the 
ferroelectric properties. Based on the obtained results, selected 
composition (X = 0.01) was chosen as optimum composition 
and prepared by MA route using Fritsch (P5) Planetary ball 
mill. Milling was carried out for 10 h in toluene medium with 
tungsten carbide vial and media at a speed of 300 rpm and ball Received : 10 November 2017, Revised : 06 April 2018 
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to powder ration of 15:1. The procedure discussed above was 
repeated for MA pellets as well. SEM (JEOL, JSM 5800) was 
used to determine the average grain size of the sintered PZT 
samples prepared by SS route. The MA prepared sintered PZT 
samples were thermally etched at 1050 °C and analysed for 
grain size using tapping mode of AFM (Agilent, Picoplus). 
3. rESuLTS AND DISCuSSIoN
Figure 1 shows the FTIR Spectrum of (SS) 
microcrystalline PZT powder. Figure 2 show the FTIR spectra 
of microcrystalline (SS) PZT powder with various Ta content 
and the magnified portion of Ti-O stretching mode absorption 
bands. Spectrum of all the Ta doped PZT are alike. But the 
wavenumber of the absorption band associated with stretching 
mode of Ti-O bond vibration of 1 per cent Ta doped PZT 
(624 cm-1) is higher compared to undoped PZT (607 cm-1). 
When Ta5+ is replaced for Zr4+ or Ti4+, the absorption band is 
shifted to higher wavenumber due to smaller radius of Ta5+ ion 
 and therefore the lattice parameter becomes smaller when 
Ta5+ substitutes Zr4+ or Ti4+ ion. It reduces the space between 
ions and strengthens the Ti-O bond. But further increase in Ta 
content shifts the absorption band to lower wavenumber and 
that indicates the reduction in bond energy. When more Ta is 
added, it affected the Coulomb interaction amongst the ions15,16. 
Because of this with increase in Ta, the related spectrum 
moves to lower frequency. This indicates the decrease in bond 
energy and the tetragonal phase in the material with increase 
in the Ta content.
FTIR spectra of micro- (SS) and nano-crystalline (MA) 
Ta-doped PZT and the magnified portion of Ti-O stretching 
mode absorption band are as shown in Fig. 3. The spectra of 
Ta-doped micro and nanocrystalline PZT clearly show the 
presence of absorption band associated with stretching of 
Ti-O. It is observed that the wavenumber of absorption band 
related to Ti-O stretching of microcrystalline PZT is higher 
as compared to nanocrystalline Ta doped PZT powder, which 
are 624 cm-1 and 613 cm-1, respectively. It is also observed 
that absorption band in the nanocrystalline PZT prepared by 
MA route is broader when compared with microcrystalline 
PZT powder. The nature of absorption band differs because 
the frequency of vibration modes of atom is different for 
both micro and nanocrystalline materials because of dipole 
interactions, interfacial effects and surface free energy 17. 
Because of small grain size and large surface to volume ratio 
of nanocrystals, the atomic arrangements on the boundaries 
could differ from that of the bulk crystals, showing some 
extent of disorder. This can result in the shifting of IR active 
modes and in the evolution of new bands. The decrease in 
wavenumber of absorption band as the particle size decreases 
is due to increase in repulsive dipolar interaction and variation 
in cation-oxygen bond length18. 
The variation of tetragonal phase and grain size with Ta 
content in PZT powders prepared by SS and MA routes are 
shown, respectively in Fig. 4 (a) and 4(b). In donor doping, 
the two holes caused by the removal of Ti4+ or Zr4+ion may be 
compensated by two electrons from the donor dopants instead 
of the formation of oxygen vacancies. It is observed that the 
increase in Ta (0 to 4 mol.%) content and reduction in grain size 
to nano scale, decreases the tetragonal phase in PZT. Increase 
in Ta content leads to structural deformation and that result 
in crystal structure changing from tetragonal perovskite to 
Figure 2. FTIr spectra of (a) microcrystalline (SS) Ta doped PZT and (b) magnified portion of absorption bands.
Figure 1.  FTIr spectrum of pb(Zr0.53Ti0.47)o3 powder.
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rhombohedral perovskite16. It is due to the stronger Ta-O bond 
and smaller ionic radius of Ta5+, the O2- will move towards Ta5+. 
Pb2+ will also leave from its normal position towards Ta5+ because 
of Pb-O bond restriction. In the case of Ta doped PZT, partial 
substitution of Ta ions induces the conversion of intensified 
tetragonal structure to the coexistence of rhombohedral and 
tetrahedral structure. Subsequently, decrease in grain size to 
nano scale reduces the presence of tetragonal phase because of 
the formation of compressive micro stresses in nanoparticles 
and slight reduction in depolarisation energy of mechanically 
activated PZT powders19-22. The dielectric and ferroelectric 
properties of Ta doped PZT obtained by MA and SS route are 
as shown in Table 1. 
The SEM image of a fractured cross section of Ta doped 
(1 mol %) SS PZT is as shown in Fig. 5. The image illustrates 
the dense microstructure and the average grain size measured 
by linear intercept method is found to be ~ 2 µm. The AFM 
image of the sintered MA Ta doped (mol 1%) PZT is shown in 
Fig. 6. AFM image reveals the average grain size of around 
~ 200 nm. It clearly reflects that mechanical activated PZT 
Figure 4.Variation of (a) tetragonal phase and (b) grain size with Ta %.
Table 1. Variation of dielectric and ferroelectric properties of Ta doped pZT prepared by SS and MA
Sample Dielectric constant 
(ε)
Coupling coefficient 
(kp)
remnant polarisation 
(µC/cm2)
Coercive voltage 
(V)
Curie temp 
(°C)
SS Ta – 1% 1470 0.549 26.7 1290 385
SS Ta – 2% 1410 0.496 21.7 1210 360
SS Ta – 3% 1280 0.452 17.1 1150 340
SS Ta – 4% 980 0.38 9.2 850 300
MA Ta – 1% 1930 0.46 14.6 1040 370
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Figure 3. FTIr spectra of (a) micro (SS) and nanocrystalline (MA) Ta (1 mol %) doped pZT.
%
 O
F
 T
R
A
N
S
M
IT
T
A
N
C
E
%
 O
F
 T
R
A
N
S
M
IT
T
A
N
C
E
WAvENuMBER (cm-1) WAvENuMBER (cm-1)
(a) (b)
kuMAR et al.: INFRARED AND STRuCTuRAL STuDIES OF MICRO AND NANO-CRySTALLINE TA DOPED LEAD
415
powders, after sintering reduces the sintered grain size 
significantly. The reduction in grain size in MA PZT is due to 
the effect of high kinetic energy involved during mechanical 
activation route.
The variation of bonding energy with Ta content in PZT 
powders prepared by SS and MA routes are as shown in Fig. 
7. The bonding energy decreases with increase in Ta content 
and decrease in grain size. It could be due to the decrease in 
the tetragonal phase observed with increment in Ta content. 
Consequently, decrease in particle size to nano scale also 
reduces the bonding energy of Ta doped PZT powders because 
of increase in repulsive dipolar interaction and variation 
in cation-oxygen bond length. In PZT based ferroelectric 
materials, the bond strength and bonding energy of Ti-O bond 
is influenced by particle size and tetragonal phase formation. 
4. CoNCLuSIoNS
Ta doped PZT powder has been synthesised by solid-state 
and mechanical activation routes. FTIR studies reveal that the 
addition of dopant affects the vibration of crystal lattices. Ta 
doped PZT ceramics has higher wavenumber when compare 
to undoped ceramics but with increase in Ta content the 
wavenumber decreases. Decrease in wavenumber and broader 
absorption bands are observed in nanocrystalline Ta-PZT 
prepared by MA route. It is also observed that the increase in 
Ta content and reduction in grain size decreases the tetragonal 
phase in Ta doped PZT. It is concluded that the ferroelectric 
and dielectric properties are closely related with the vibrational 
forces of crystal lattice. 
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